Genomic instability is a frequently occurring feature of cancer that involves large-scale structural alterations. These somatic changes in chromosome structure include duplication of entire chromosome arms and aneuploidy where chromosomes are duplicated beyond normal diploid content. However, the accurate determination of aneuploidy events in cancer genomes is a challenge. Recent advances in sequencing technology allow the characterization of haplotypes that extend megabases along the human genome using high molecular weight (HMW) DNA. For this study, we employed a library preparation method in which sequence reads have barcodes linked to single HMW DNA molecules. Barcodelinked reads are used to generate extended haplotypes on the order of megabases. We developed a method that leverages haplotypes to identify chromosomal segmental alterations in cancer and uses this information to join haplotypes together, thus extending the range of phased variants. With this approach, we identified mega-haplotypes that encompass entire chromosome arms. We characterized the chromosomal arm changes and aneuploidy events in a manner that offers similar information as a traditional karyotype but with the benefit of DNA sequence resolution. We applied this approach to characterize aneuploidy and chromosomal alterations from a series of primary colorectal cancers.
INTRODUCTION
Genomic instability is a common feature of cancer. In some tumors, structural alterations such as duplications and deletions alter genomic segments up to the size of entire chromosomal arms. Resolving these somatic chromosomal events can delineate critical drivers with both prognos-tic and therapeutic predictive information. For example, the routine evaluation of acute myelogenous leukemias involves karyotyping to quantitatively determine the number and type of aneuploidy events (1) and to stratify patients by recurrence risk (2, 3) . Many other diseases and congenital disorders demonstrate large chromosomal structural and aneuploidy changes; thus, large chromosome structural events are frequent and important genomic features of many human disorders.
Current methods for determining rearrangements and aneuploidy include standard karyotyping, spectral karyotyping (SKY), genomic microarrays and more recently, whole genome sequencing (WGS) (4) (5) (6) (7) (8) (9) . Standard karyotyping methods use a variety of dyes to stain banding patterns on individual, intact chromosomes while SKY uses molecular cytogenetic techniques to visualize individual chromosomes with different fluorescent colors. As a result, these methods provide images of chromosome-scale events. In general, however, karyotyping is a slow, arduous methodology because it requires cell-by-cell extraction of chromosomes, interpretive expertise and generates low-resolution determination of chromosome changes. Microarray analysis offers more granular information than karyotyping via genotyping single nucleotide polymorphism (SNPs) (10) (11) (12) . However, all microarrays have a limited number of features that restrict the resolution of chromosomal events that can be identified as well as inability to detect some somatic structural changes, such as rearrangements. Conventional WGS with short DNA insert libraries (<1.0 kb) and short sequence reads (<300 bases) provides copy number variation (CNV) information that can be used to identify large chromosomal aberrations, but even with WGS, accurate determination of aneuploidy events from cancer genomes is a challenge. CNV analysis does not generally discriminate between changes in the maternal and paternal chromosomes. Even with allele-specific copy number analysis, it is difficult to determine which parental chromosome underwent a change, given the limited haplotype information available from WGS.
Recent advances in genome sequencing technology enable the characterization of high molecular weight (HMW) DNA molecules and identification of blocks of cis-related heterozygous variants, also referred to as haplotypes, which are located on either the paternal or maternal chromosome. The process of identifying these blocks is referred to as phasing. To generate very large haplotypes, a number of novel sequencing technologies either generate kilobaselength sequence reads or trace barcode sequences back to individual HMW molecules (13) (14) (15) (16) (17) (18) (19) . This enables the phasing of contiguous single nucleotide variants (SNVs) that originate from the same HMW DNA molecule. When extended to large segments, this phased variant information can be used to derive megabase (Mb)-scale haplotypes. For example, Adey et al. observed that it is possible to use the distribution of allele frequencies across haplotypes to generate extended scaffolds of phase blocks that are larger than the individual blocks (20) . In some cases, one can deconvolute apparently complex alterations via haplotypes when rearrangements, such as overlapping deletion and amplification segments, occur on separate haplotypes.
In this study, we describe a method that uses barcodelinked sequence reads from primary cancer genomes to generate phase blocks that can encompass entire chromosome arms ( Figure 1A) . We described previously a new technology that uses 1 ng of input DNA separated into as many as a million or more partitions with non-overlapping barcodes (15) . Individual HMW DNA molecules are associated with barcodes. After sequencing with an Illumina system, the sequencing read-barcode associations allow individual HMW molecules to be partially reconstructed. The overlapping reconstructed sequences in turn allow the generation of Mbscale haplotypes, based on the variants identified in the HMW DNA. This method has advantages over other long read sequencing approaches (i.e. Pacific Biosciences, Oxford Nanopore) because short read sequencing has fewer errors, the DNA input is minimal (1 ng) and it allows sequencing to 30× coverage at lower cost and with more accurate variant detection.
By utilizing this new technology, we developed an approach that integrates initial haplotype blocks into even larger haplotypes that cover entire chromosome arms (Figure 1B) . As we demonstrate, our method includes more than 90% of the variants per arm. We use this haplotype information to generate sequencing-based digital karyotypes that cover Mbs of the genome. When applied to cancer samples, this method provides information similar to standard karyotyping or fluorescence in situ hybridization but also has the advantage of resolving high resolution haplotype information with specific phased variants. Moreover, our approach uses experimental sequencing data and, as a result, does not require population-derived haplotypes (3, 21) . We applied this approach to a series of primary colorectal cancers and generated extremely large haplotypes, some covering entire chromosomes.
MATERIALS AND METHODS

Genomic DNA samples and preparation
The Institutional Review Board at Stanford University School of Medicine approved the study and informed con-sent was obtained. Samples were obtained from the Stanford Cancer Center Tissue Bank. The tissue samples were collected at the time of surgical resection and flash frozen. We analyzed three sets (Patients 232, 1465 and 1532) of three matched tissue samples that included a primary colorectal adenocarcinoma, a dysplastic lesion that did not demonstrate fully invasive carcinoma and matched normal tissue. Also, we analyzed a metastatic colorectal carcinoma (Patient 5378) resected from the brain as well as matched normal brain tissue from one individual. Genomic 
Phased genome sequencing with barcode reads
A 10× Genomics chromium instrument (Pleasanton, CA) was used for sample preparation according to the manufacturer's protocol (15) . Genomic DNA was processed and barcoded libraries were prepared without size selection. Barcoded sequencing libraries were generated with either the GemCode or Chromium kits per the manufacturer's protocol (Table 1 ). Phased genome sequencing was conducted with an Illumina HiSeq 2500. Reads were either 2 × 98 or 2 × 93. For paired-end data processing, read 1 was truncated by 10 bases in order to remove primer extension artifacts. All samples also had an 8-base sample index and 14-base (GemCode) or 16-base (Chromium) barcode sequence, following 10× Genomics standard assay preparation. After basecalling and demultiplexing, Long Ranger version 1.2 (10× Genomics) was used to process the barcode sequence data (Step 1 of Supplementary Figure S1 ). Long Ranger was run using the NCBI build 37 human genome as the reference and with the Supplementary Variant Call Format (VCF) setting (-vc mode = precalled). Supplementary VCFs were generated from conventional WGS, as described below.
Conventional whole genome sequencing
Conventional WGS was performed, which provided variants for the supplementary phasing mode in the Long Ranger software and allowed validation of our haplotype results. We define conventional WGS as sequencing where the library generation involves fragmenting DNA into low molecular weight species, as is generally required for Illumina sequencing. Libraries were generated with an Illumina TruSeq kit and run on a HiSeq 2500 with 2 × 100 cycle reads that included indexing. All samples were aligned against the NCBI build 37 human reference genome using bwa version 0.7.5a-r405 (22) with commands aln and sampe. After alignment, duplicates were marked using Picard MarkDuplicates and the Genome Analysis Toolkit (GATK) variant calling pipeline steps (23) were followed using standard best practices, including IndelRealigner and BaseRecalibrator. Samples were merged at the indel realignment step. After the PAGE 3 OF 13 Nucleic Acids Research, 2017, Vol. 45, No. After base-calling, the HMW molecules can be reconstructed via the barcodes and then scaffolded together to produce phase blocks. (B) Samples were first sequenced and aligned using conventional short read paired-end sequencing and variant calling was performed with GATK to generate a list of high-quality single nucleotide variant (SNV) calls. The same samples then underwent library preparation with GemCode or Chromium Genome kits (Table 1 ) and were sequenced. The Long Ranger software was run, using the previously generated SNV calls as reference variants. The phased SNV calls generated by Long Ranger served as input for the mega-haplotyping method. UnifiedGenotyper was run, VariantRecalibration and Ap-plyRecalibration were run to produce filtering information. Only SNVs passing these filters and having a total allelic depth of at least ten were used to generate a VCF file for the Long Ranger Supplementary phasing mode processing described above.
The GATK DepthOfCoverage (23) tool was used to determine sequencing coverage depth. To ensure that sequencing metrics were as congruent as possible, we removed contig-related information and only used depth information from autosomes and sex chromosomes, including chromosome Y if the patient was male (Individual 232, Individual 1465, cell lines LS411N and NA03576). Thus, the total number of positions used to calculate sequencing depth were the same for conventional WGS and the linked read WGS for each patient, but varied depending on the sex of the patient. Normal tissue and tumor/dysplastic samples from conventional WGS were compared to identify somatic cancer-specific variants. Only somatic variants passing quality filter and with an overall allelic depth >= 10 were included.
Determination and barcode counts of shared phase blocks between samples
Our analysis relies on the initial haplotype blocks provided by the Long Ranger software. These results are then used to 'stitch' together haplotypes that extend across chromosome arms that have undergone allelic imbalances. To process the phased variant data, we wrote a series of Perl, Python and R scripts that are available as part of the Supplementary Data and Notes. A stepwise list for the script command lines are provided in Supplementary Note 1. For this processing, the Long Ranger software provides a VCF file of phased variant calls for each sample. These Long Ranger VCFs were used as the initial input for the creation of phase blocks. First, the phased VCF file for each sample was filtered to include only variant calls passing quality filter and located on autosomes (and the X chromosome if the patient was female). Next, the files were numerically sorted. The phased variant information was simplified to include the genotype (GT), the phase sequence id number unique to each phase block (PS) and the list of barcodes that support the assignment of each allele to the phase block (BX). The VCF processing steps are summarized in Step 2 of Supplementary Figure  S1 . Next, the filtered, re-sorted and simplified VCF files for each sample were combined to generate one VCF file per patient, including only positions in which a variant call was identified in all samples (Step 3 of Supplementary Figure  S1 ).
The combined VCF file was then parsed to a simpler format to enable extraction of phase blocks as described in
Step 4 of Supplementary Figure S1 . The beginning and end coordinates of the phase blocks were determined according to the phase sequence id numbers denoted by the code 'PS' in the VCF file. Then, phase blocks were compared among the matched samples of a patient (normal, dysplastic and tumor). We denoted a common phase block among the samples if they all had a phase block that shared at least two phased heterozygotes. For example, if one sample had phased heterozygote calls at positions 15, 20 and 25 that shared a common phase sequence id (PS), while the other sample had calls at 20, 25 and 30 with a common phase sequence id, then the common phase block between the two samples in this region would be from positions 20-25.
Within each common phase block for a given sample, the barcodes supporting each phased heterozygote SNV were counted. Multiple occurrences of the same barcode within the phase block were ignored (i.e. each barcode was counted once), in order to minimize library amplification effects and eliminate duplicates. Thus, the barcode counts are close estimates of the number of individual DNA molecules sequenced in a given region (15) .
Analysis of the distribution of phased SNVs showed that 90-95% of all phased heterozygotes in the intersected file were included in the analysis when only phase blocks containing 100 or more phased heterozygotes were included, indicating that a small number of very large blocks can contain a large proportion of the total number of heterozygotes ( Supplementary Table S1 ). Our results showed that phase blocks containing at least 100 heterozygotes had the smallest overall proportion of ambiguous blocks. We defined an ambiguous block as >10% and <90% of the phased heterozygotes in a block matching in GTs between the samples being compared. Ambiguity is related to switch errors but is a better indicator of the overall consistency of the phase block. The relative rareness of large ambiguous blocks implies that large blocks were of higher quality than blocks with fewer phased heterozygotes ( Supplementary Table S1 ). For these reasons, we used only phase blocks of 100 or more phased heterozygotes in the haplotyping analysis.
General description of determining meta-blocks and megahaplotypes
To increase the statistical power for detecting significant differences between haplotypes, we developed a normalization procedure to account for variation in SNV frequency across chromosomal regions ( Figure 3A and Step 5 of Supplementary Figure S1 ). Our procedure generated joined phased variant segments which we refer to as 'meta-blocks'. Haplotypes are based on the meta-blocks representing phased variants. For this procedure, these meta-blocks can cross an entire chromosome arm, hence the term 'mega-haplotype'.
For a given sample and a specific phase block, we performed the following steps: (i) the number of unique barcodes in each haplotype was divided by the number of phased heterozygotes; (ii) the total number of unique barcodes in both haplotypes was summed across all phase blocks; (iii) the sum of the barcodes from the normal sample (Step b) was divided by the sum of the barcodes from the tumor or dysplastic sample (Step b); (iv) the vector of normalized ratios from (Step a) were multiplied by the factor in (Step c), generating normalized results as illustrated in Figure 3B .
Based on the normalized data for a given phase block, the haplotype with more barcodes was denoted as major and the one with less barcodes was denoted as minor. Then, the difference between the normalized ratios of major and minor haplotypes of each block, D, was determined, as shown in Figure 3C and Step 6 of Supplementary Figure  S1 . For a given sample, the set of D differences across a PAGE 5 OF 13 Nucleic Acids Research, 2017, Vol. 45, No. 19 e162 certain region--specifically, a chromosome arm--was assumed to follow a normal distribution. Imbalanced regions could then be detected by comparing the distribution of each tumor or dysplastic sample's D values to the distribution of the normal sample. We used a one-sided t-test to compare the density distributions for each chromosome arm of the two samples (matched normal tissue versus dysplastic or tumor) ( Figure 3D and Step 7 in Supplementary Figure S1 ). Tests were performed on the distribution of D values across entire chromosome arms. We rejected the null hypothesis (that the samples came from the same distribution, implying no significant allelic imbalance was detected) for those cases with a P-value < 0.001. Our Pvalue included a Bonferroni multiple test correction (from 0.05) for the number of chromosome arms analyzed per set of matched samples.
On the chromosome arms that passed the t-test, we sought to group together all the phase blocks displaying large variation between case and control data. For each chromosome arm, we determined the value v > 97.5% of the D values from the normal sample (D n ) as described in
Step 7 in Supplementary Figure S1. This result defined the extent of variation in D n from which non-normal (dysplastic or tumor) samples could be compared. For any chromosome arm that passed the t-test, the D value of each non-normal phase block (dysplastic: D d or tumor: D t ) was tested against v and an indicator function marked whether it was greater or lesser. Finally, all contiguous phase blocks marked as >v were combined into a single meta-block (Figure 3E and Step 8 in Supplementary Figure S1 ).
SNVs in imbalanced regions
Phased SNVs in a joined meta-block of a total size >1 Mb were defined as a mega-haplotype. For each chromosome arm that we analyzed, the total number of phased heterozygotes found in meta-blocks were counted using the phased heterozygotes listed in the combined intersected VCF file. Only the SNVs found in the contiguous blocks described above and with GTs 0|1 and 1|0 were included in the SNV totals. In addition to counts of SNVs within meta-blocks, haplotypes were generated for the meta-blocks representing phased variants across entire chromosome arms, hence the term 'mega-haplotype'.
We identified the mega-haplotype phase of somatic variants by integrating somatic variants detected from conventional WGS with mega-haplotype information as determined above. Somatic variants derived from conventional WGS were intersected with the coordinates of the megahaplotyped variants, then the number of phased major and minor haplotype somatic calls were counted for each metablock.
Allelic imbalance analysis of a colorectal cell line and fetal trisomy cell line
We analyzed a set of samples with demonstrated karyotype abnormalities as a test of our method. For the analysis of the colorectal cell line LS411N and the fetal trisomy cell line NA03576, we used for a normal control the results of phased sequencing of NA12877, which had been sequenced previously (15) . These samples have no shared ancestors to the best of our knowledge, but nevertheless shared enough variants to allow allelic imbalance analysis to be performed.
Copy number and allelic imbalance analysis from conventional whole genome sequencing
We determined copy number alterations from conventional WGS to identify imbalanced or otherwise aberrant regions. For CNV analysis, we used the program BICseq with the parameter set at 30 to provide smoothing of genomic regions which demonstrated a significant change (24, 25) . To generate larger contiguous segments of allelic imbalance, we joined adjacent segments if they were <1 Mb apart. In addition, adjacent segments were combined if one of the following conditions was met: (i) the difference in the log 2 ratio for a given segment was <0. 25 and demonstrated a copy number change; (ii) both segments were either amplified and deleted and the weighted size (size * absolute value of log 2 ratio over normal) of one was 10× the other or greater; or (iii) the weighted size of one was 20× greater than the other, as long as neither sequence was 5 Mb or longer and neither sequence was within 0.1 of a log 2 ratio of 0. These conditions eliminated segments that did not significantly influence the copy number of the chromosomes, while avoiding regions that demonstrated diploid copy number.
After the segments were joined, the log 2 ratios were converted to copy number values. A CNV was not called if the copy number was between 1.85 and 2.15. We did not consider copy number alteration segments that were <7.5 Mb. We chose the genomic segment size of 7.5 Mb because it is half the length of the shortest chromosome arm (18p) and our analysis of mega-haplotypes focused exclusively on large chromosomal alterations.
Deriving haplotypes from allelic imbalances using conventional WGS
We conducted a comparison between haplotyping based on phased sequencing (i.e. barcoded reads) versus haplotyping based on conventional WGS. Conventional WGS required us to use somatic allelic imbalances in chromosomal segments to identify variant allelic fractions that were offset from what one would expect in a normal diploid genome.
To determine the accuracy of haplotypes generated using conventional WGS with a variant allele frequency (VAF) haplotyping method, we used variant calls that had a minimum depth of 10 and positions where both the normal and tumor samples were heterozygote. Variant call files containing dysplastic versus normal and tumor versus normal were filtered separately to minimize the effects of filtering. We determined haplotypes as follows: the lower depth allele was assigned to the minor haplotype and the higher depth allele was assigned to the major haplotype.
The VCF files were then merged and intersected phase blocks were determined according to the requirement that they contain at least 100 phased heterozygote calls, in order to match the blocks generated by our linked read method. The results were filtered to only include imbalanced chromosome arms.
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Comparison of mega-haplotype analysis between phased versus conventional WGS
To compare the accuracy of the haplotyping method from phased versus conventional sequencing, we assessed the type of switch errors found in large blocks by comparing the haplotypes for a given sample using both methods. For describing switch errors, we refer to the term 'matching' for the case when haplotypes from a matched sample pair (i.e. tumor versus normal) have a phased GT such as '0|1' at the same position and the term 'opposing' or 'non-matching' when one sample has, e.g. a '0|1' GT and the other has a '1|0' GT. The haplotypes of samples from the same patient should be the same in general: two phase blocks over the same area should have all matching or opposing. There should not be a mixture of the two, seeing that a mixture indicates switch errors. The number of GT switches relative to the normal sample was counted for each phase block that had been called as imbalanced in the phased samples and in the VAF-haplotyped (conventional) samples.
Determination of switch errors in phase blocks
When phase blocks were intersected between sample types for the same patient, the overall extent of congruency between the haplotypes of each phase block was calculated. Twenty-five cases of blocks with >100 phased heterozygotes and a congruency of <90% between normal and malignant samples in Patient 1532 were inspected visually. The cases were classified into those with large gaps in SNVs proximal to the switch (8/25), those with loss of heterozygosity proximal to the switch (12/25), those with both (2/25) and those with different phased GTs appearing throughout the phase block (3/25). The three latter cases were further analyzed in terms of the proportions of each type of GT pairing. The types were defined as unphased (either of the two GTs was not phased), homozygote (either of the two GTs was homozygote), matching (the GTs were the same and were phased), opposite (the GTs were not the same and were phased). The proportions for each of these types were calculated.
RESULTS
Haplotype-based characterization of chromosomal alterations
Recently, we developed and applied a droplet technology for whole genome and exome sequencing preparation that makes use of barcodes to identify partitions and reconstruct large molecules of DNA ( Figure 1A) (15) . The amount of input DNA is 1 ng, representing ∼300 genome equivalents. Also, the input DNA is not sheared and remains intact with molecular sizes upward of 20 kb ( Supplementary Table S2 ). With this method, a small amount of input DNA is divided between a large number of droplet partitions (>1 000 000), such that only a small number of HMW DNA molecules, typically three to five, are present in each droplet, following a Poisson distribution. Thus, the large number of droplet partitions limits the amount of sequence overlap among DNA molecules and so for a given partition, there is a <1% chance that the molecules originated from overlapping segments of the genome. As a result, sequencing these barcode libraries provides information about the DNA sample under investigation at a near-single-molecule level. Furthermore, since the input DNA is not sheared, this process retains the genomic contiguity of the HMW DNA molecules for phasing variants and generating extended haplotypes.
With our approach, we attempt to extend the haplotypes from phased sequencing across even larger regions of the genome. Our method relies on the initial haplotype blocks provided by the Long Ranger software. These results are then used to link haplotypes that extend across chromosome arms that have undergone allelic imbalances. As a result, we can generate much larger haplotypes than are provided initially by the Long Ranger software. A general description of our approach is detailed in Figure 1B . Specific data processing details are noted in Figure 2 and Supplementary Figure S1 . Descriptions of the statistics and programming script execution are described in Supplementary Notes 1 and 2. After initial data processing, the phasing information associated with each heterozygous SNV was used to generate phase blocks of contiguous segments. As noted above, each barcode is specific to a given droplet partition and is associated with the sequence from an individual HMW DNA molecule ( Figure 1A) . For a given genomic segment, the count of unique barcodes associated with aligned sequence reads directly represents the number of individual DNA molecules sequenced. Thus, counting barcodes provides the fractional representation of a given genomic segment. In the case of a normal diploid genome, the number of barcodes for each haplotype (i.e. two per a given genomic segment) should be approximately equivalent for either parental chromosome segments. In cases where a chromosomal alteration occurred with a loss or gain of a chromosomal segment, haplotypes within phase blocks were assigned as either the major or the minor haplotype, depending on their barcode ratios. The major haplotype contains more barcodes while the minor haplotype contains fewer. In this study, the concurrent analysis of a matched normal genome was a critical step for the determination of haplotype imbalance.
We used the barcode counts for phased heterozygous variants assigned to a specific phase block and determined the presence of large chromosomal changes and aneuploidy ('Materials and Methods' section). First, we normalized barcode counts at the phase block level. This procedure involved dividing the number of barcodes by the number of phased heterozygotes assigned to a phase block. Second, we carried out normalization using the total number of barcodes in each sample. Normalization of the SNV distribution reduced the variance of the blocks with respect to other blocks from the same haplotype in the same region ( Figure  2A and B; Supplementary Figure S1 ). This step improved the discrimination of statistically significant differences between the normal and non-normal (dysplastic or tumor) samples (Figure 2C and D) .
For meta-block generation, we used phase blocks that were shared across all of the matched samples (i.e. normal, dysplastic and tumor) from an individual patient. We required that the phase blocks contained at least 100 phased heterozygous variants; since most variants were contained within larger phase blocks, we retained 90% of all phased heterozygotes for analysis ( Supplementary Table S1 ). We (E) For all chromosome arms with P < .001, non-normal blocks are tested against the 97.5% upper confidence limit (v) of the normal distribution. If they fall below this limit, they are not called. For regions >1Mb that pass these tests, the haplotypes are combined across the large blocks to produce mega-haplotypes. also noted that switch errors--locations where one or more variants were incorrectly phased relative to the variants preceding or following them--were minimized in blocks of 100-200 phased heterozygotes ( Supplementary Table S1 ), suggesting that blocks with higher numbers of variants provided more accurate haplotypes than smaller blocks.
We analyzed each chromosome arm for allelic imbalances between the major and minor haplotypes. For each chromosome arm, we used a one-sided t-test to detect the presence of statistically significant allelic imbalances in a given dysplastic or tumor sample as determined by differences in normalized barcode counts ( Figure 2D ). First, we generated an empirical null distribution derived from barcode count differences between the major and minor haplotypes in normal samples. From this, we determined a 97.5% threshold above which we assume that a difference found in the non-normal sample is caused by a true chromosomal alteration. We joined all of the contiguous phase blocks of 100 or more phased heterozygotes whose normalized barcode counts were above this limit. We refer to these aggregations of phase blocks as meta-blocks. Afterward, we gener-ated chromosome-scale mega-haplotypes, which consist of the two haplotypes that exist within the coordinates of each meta-block.
Mega-haplotypes generated from a fetal trisomy cell line
We validated our first method by applying it to a cell line with known chromosomal abnormalities. Here, we performed barcoded linked read sequencing on the fetal trisomy cell line NA03576 ( Table 1 ). The aneuploid characteristics noted by Coriell included an additional copy of chromosome 2 and of chromosome 21 (Coriell ref. no NA03576).
Because this germline-based cell line would not have a matched sample, and because it came from a male subject, we used phased genome data from NA12877 for comparison ('Materials and Methods' section). As noted above, the use of unrelated samples may affect the success of the method since it requires a sufficient number of overlapping SNV positions to generate large phase blocks. For this pair, we found 1 907 889 overlapping variants in the autosomal chromosomes of NA03576 and NA12877, including e162 Nucleic Acids Research, 2017, Vol. 45, No. 19 60.7% of the NA03576 calls (3 142 116 SNVs total) and 59.6% of the NA12877 calls (3 202 638 total). We determined that there was sufficient SNV overlap to generate mega-haplotypes for all chromosomes. For NA03576, we found five chromosome arms that included a mega-haplotype of >1 Mb. Our method identified three chromosome arms (2p, 2q and 21) that showed significant differences when subjected to a single sided t-test (P < 0.001), showing perfect concordance to the three which showed imbalances per traditional karyotyping (Supplementary Table S3 ). From CNV calls derived from conventional WGS, we also observed some subclonal variation in chromosome 19, but which was not major enough to pass the above test for allelic imbalance ( Supplementary Table  S4 ). The use of NA12877 conventional WGS sequence data, which had different read length conditions, led to small PAGE 9 OF 13 Nucleic Acids Research, 2017, Vol. 45, No. 19 e162 CNV calls for some chromosomes; these were corrected by re-normalization by a constant factor, resulting in complete CNV concordance with karyotyping and linked read data.
Mega-haplotypes generated from an aneuploid colorectal cancer cell line
As an initial test of our method for the determination of large chromosomal aberrations and aneuploidy events, we analyzed a cancer cell line (LS411N) that had been previously characterized with karyotyping and SKY analysis (26) . We repeated the standard karyotyping and demonstrated that LS411N genome was generally triploid among a total of 20 cells. We also note some clonal variation among the different cells that were examined, with, for instance, 3/24 chromosomes showing two distinct karyotype values. Given the clonal variation seen on karyotype, we used the mode value for making comparisons between our method and the karyotype. Among the cell karyotyped, 13/24 chromosomes had a karyotype mode value of three (Supplementary Table S5 ). This result was consistent with previous reports (26) . The overall number of arms that showed imbalances was 26.
We sought to determine whether our digital karyotyping method would produce results concordant with the traditional karyotyping results. As the LS411N cell line does not have a matched normal, we used phased genome data from a diploid sample (NA12877) for comparison ('Materials and Methods' section). The use of unrelated samples could potentially complicate our analysis since our karyotyping method requires a sufficient number of overlapping SNV positions between samples to generate large phase blocks. In this case, we found that there were 1 431 779 overlapping variants in the autosomal chromosomes of LS411N and NA12877, including 55.6% of the LS411N calls (2 574 621 SNVs total) and 44.7% of the NA12877 calls (3 202 638 SNVs total). We determined that there was sufficient SNV overlap to generate mega-haplotypes for all chromosomes except for 17 and 18, which had lower degrees of SNV overlap compared to other chromosomes.
In total, we identified 35 chromosome arms with megahaplotypes for LS411N, including 26 of the arms which showed imbalances per traditional karyotyping. Among the autosomes, our method identified 24 chromosome arms that showed significant differences when subjected to a single sided t-test (P < 0.001). Thus, 92.3% (24/26) of the imbalanced chromosome arms were detected by our digital karyotyping method ( Supplementary Table S5 ). In general, the CNVs as determined with conventional WGS were concordant with our results ( Supplementary Table S6 ).
Mega-haplotype characterization of chromosomal aberrations in colorectal cancer
We analyzed a series of matched colorectal tumor samples taken directly from surgical resections. We obtained sets of matched samples from three patients (232, 1465 and 1532), including: (i) dysplastic tissue (in situ carcinoma) not demonstrating invasive cancer; (ii) fully invasive, primary carcinoma and (iii) matched normal tissue. For these samples, we performed conventional WGS alongside barcodelinked WGS for phasing to provide a supplementary list of germline and somatic variants ( Table 1 and Supplementary Tables S7, 8 and 9 ). Additionally, we analyzed a brain metastasis from a colorectal carcinoma (Patient 5378).
We applied our method to these samples. For each patient, we reported a meta-block if it covered more than half the chromosome arm ( Supplementary Tables S10 and  11 ). Thus, we generated individual meta-blocks (containing mega-haplotypes) on the order of tens of megabases, demonstrating a substantial improvement over existing phasing methods. In cases where the dysplastic and tumor sample both showed imbalance in the same region, the outermost beginning and ending positions between the two samples were listed. In most cases, gaps between individual phase blocks making up the meta-block constituted a small fraction of the entire meta-block size.
We observed that the level of chromosomal instability varied substantially among these patients with colorectal cancer. From our analysis of dysplastic tissue and a primary colorectal adenocarcinoma from Patient 1465, the tumor sample had only low levels of genomic instability as determined by the extent of allelic imbalance. There was a single extended genomic segment across 48.16 Mb (53.2%) of the p arm of chromosome 3 in both the dysplastic and tumor sample ( Figure 3A and Supplementary Table S10 ). Of the 28 178 heterozygous SNVs in this region called with a single alternate across all three samples, we were able to resolve 92.5% (26 066) of the variants into a single mega-haplotype. Notably, CNV analysis using only conventional WGS data detected no copy number change in this arm (Supplementary Table S12 ), implying that the region had undergone a segmental uniparental disomic conversion.
Our analysis of dysplastic tissue and primary colorectal adenocarcinoma from Patient 232 identified multiple largescale chromosomal alterations in both samples. Also, evidence of shared somatic chromosomal changes in both samples supported a common clonal derivation. Fifteen chromosome arms originating from 11 chromosomes (including acrocentric ones) demonstrated an allelic imbalance in the primary tumor, as did 11 arms of 7 chromosomes in the dysplastic sample ( Supplementary Table S10 ). Chromosomes with imbalances in both samples included 7, 8, 13, 14, 17, 18 and 20. Chromosomes 4, 15 and 21 demonstrated an allelic imbalance in only the primary tumor and the dysplastic sample contained only one unique chromosomal aberration on chromosome 20. The majority of the chromosomes with allelelic imbalances in Patient 232 were also found to harbor significant arm-level alterations that were observed in The Cancer Genome Atlas (TCGA) analysis of 257 colorectal tumors (27) .
The regions of allelic imbalance for the chromosome arms in Patient 232 were extensive, enabling us to identify extremely large mega-haplotypes. For example, the 7q arm in both the tumor and dysplastic samples contained allelic imbalances spanning almost 100 Mb, thus covering >90% of the length of the chromosome arm ( Figure 3B ). In the primary tumor sample, we obtained a 96.8 Mb megahaplotype that constituted 98.7% of the total 7q arm with no significant gaps in the haplotype coverage of the affected segment. Of 57 819 heterozygous SNVs across the 7q arm in the primary tumor sample called with a single alternate allele, 51 306 (88.7%) were successfully assigned within this e162 Nucleic Acids Research, 2017, Vol. 45, No. 19 PAGE 10 OF 13 mega-haplotype ( Supplementary Table S10 ). Chromosome 7q is frequently amplifed in colorectal cancer (CRC), leading to copy number gains of known cancer drivers including MET (7q31.2) and WNT2 (7q31) (28, 29) . These represent important events that are involved in colorectal cancer biology and therapeutic resistance as is frequently seen with the MET gene.
We analyzed dysplastic tissue and a primary colorectal adenocarcinoma from Patient 1532. While we found no evidence of significant genomic instability in the dysplastic sample, the primary tumor included nine imbalanced arms across eight chromosomes ( Figure 3C and Supplementary  Table S10 ). For example, chromosome 18 showed significant allelic imbalances across both p and q arms, together covering 95.1% of the total chromosome. On the p arm, 9830 of 10 367 heterozygous variants (94.8%) were grouped into a single mega-haplotype, while 31 545 of the total 34 184 (92.3%) heterozygous variants were grouped in a single mega-haplotype on the q arm. Chromosome arms 18p and 18q were deleted in 66% of 257 CRC tumors analyzed in a TCGA study (27) , causing a loss of the known tumor suppressor gene SMAD4 (18q21.2) (30, 31) . After integration with CNV calls derived from conventional WGS, we observed that the cancer genome of Patient 1532 also demonstrated uniparental disomy in both 3 and 5q, covering ∼68.5 and 80.3% of the arms, respectively. While these two regions showed no copy number alteration, the minor and major allele frequencies across the regions were drastically different.
For Patient 5378, we analyzed a brain metastasis of a colorectal carcinoma. This tumor sample showed an extreme degree of genomic instability with apparent aneuploidy in 11 chromosomes ( Figure 3D and Supplementary  Table S13 ). Here, our analysis yielded mega-haplotypes for 37 of 41 total chromosome arms, covering ∼88.5% of the total genome (Figure 4 and Supplementary Table S11 ). Remarkably, we achieved mega-haplotypes spanning over 90% of the arm length in 29 of the 37 aberrant chromosome arms. In total, ∼92% of all phased SNVs common to both the normal and cancer genomes were mega-haplotyped at a chromosome-arm or near-chromosome-arm level. Previous studies have also reported high levels of genomic instability in brain metastases of primary colorectal tumors, including chromosome level gains and losses (32, 33) .
Haplotyping comparison of conventional versus phased WGS
We investigated whether it is possible to generate Mb-scale haplotypes with conventional WGS using only allele frequencies derived from sequence depth. Presumably, variants that are represented on a genomic segment with increased copy number can be used for phasing and generation of phase blocks. For this comparison, we used conventional WGS data ('Materials and Methods' section) generated from the samples of Patient 232, and assigned the allele with greater read depth to one haplotype and the allele with lesser read depth to the other haplotype, across the chromosome regions that had been detected by our megahaplotyping analysis. We then assessed whether the haplotypes generated from conventional WGS were correct by comparing them to the haplotypes generated from phased WGS using the barcode sequence reads.
We considered the conventional WGS data to be correct if the GT assignments of the heterozygous variants within a phase block agreed with the barcoded phased data >90% (matching) or <10% (opposing) of the time ('Materials and Methods' section). Our analysis foucsed on the altered regions, as reported in Supplementary Table S10 , of the 232 tumor sample. We found that only 55.8% (732/1312) of the phase blocks compared between the conventional versus phased sequencing had congruent phased GTs (Supplementary Table S14 ).
In the dysplastic sample, 22.0% (186/845) of intersected blocks were congruent. We also compared the switch error rates as previously defined for these regions (13, 34) . As a percentage of phased heterozygotes, conventional haplotyping of the malignant sample yielded substantially higher short and long switch errors of 5.2 and 3.4%, respectively; barcoded phased haplotyping yielded 0.2 and 0.1% short and long switch errors, respectively ( Supplementary Table  S14 ). The results were similar for the other samples. Overall, the use of standard WGS for haplotyping regions with allelic imbalances generated a high frequency of switch errors compared to those generated with phased genome sequencing, indicating that phased genome sequencing is necessary for the accuracy of our mega-haplotyping approach.
Assigning somatic variants to chromosomal arm-scale haplotypes
We placed somatic heterozygous variants in the context of specific mega-haplotypes--this enabled us to understand how cancer-specific SNVs are distributed among large-scale genomic aberrations. Because the generation of large-scale phase blocks used only variants found in all of the matched samples from each patient (i.e. all variants were present in the matched normal), we determined the assignment of somatic variants to major and minor haplotypes after establishing a specific mega-haplotype. This included placement of heterozygous mutations to the mega-haplotypes derived from chromosomal arm changes and aneuploidy events. Because somatic variants can be phased within a sample, they can be assigned to major and minor mega-haplotypes in the context of chromosome-scale aberrations ( Supplementary  Tables S10 and 11 ).
The distribution of the somatic mutations between the major and minor haplotypes within a mega-haplotype generally followed one of two patterns. The SNVs were either split nearly evenly between the haplotypes, as in chromosome arm 4q of Patient 232 (Major hap: 435 SNVs; Minor hap: 424 SNVs) (Supplementary Figure S2a and Table S7 ), or were associated mainly with the major haplotype, as in 8p of Patient 232 (Major hap: 88 SNVs; Minor hap: 31 SNVs) ( Supplementary Table S10 ).
As an example of the distribution of somatic variants with respect to haplotype, we analyzed the haplotype distribution of somatic variants within a 30 Mb region (positions 10-40 Mb) of a large amplification on chromosome 7 in the malignant sample of Patient 232 (Supplementary Figure S2b ). Of the 98 somatic mutations in the region, 57 belonged to the major haplotype and 41 to the minor haplotype. Mutations assigned to the major haplotype had a mean barcode proportion of 0.48; that is, averaged across PAGE 11 OF 13 Nucleic Acids Research, 2017, Vol. 45, No. 19 e162 Chromosome Major haplotype Minor haplotype Figure 4 . Imbalance in terms of copy number in a brain metastasis. This circos plot shows chromosome arms where a large imbalance (>50% of the arm) was called by our method. The X chromosome is included as Patient 5378 was female. The colors reflect the proportion of the haplotype relative to the the entire genome for each haplotype independently. For instance, chromosome X shows amplifications in both haplotypes although the more affected haplotype varies between arms. Chromosome 18 shows deletions of both haplotypes and both arms, with the greatest effect on the minor haplotype of the q arm. the 57 variants, 48% of the barcodes that supported those positions were associated with the alternate allele of the somatic variant on the major haplotype, rather than the wildtype allele on the minor haplotype. In other words, the barcode distribution showed no significant bias towards the major haplotype variant. In contrast, the alternate alleles of somatic variants assigned to the minor haplotype were found to have a lower mean barcode proportion of 0.236. Thus, the distribution of somatic variant barcodes was concordant with our findings in the CNV analysis and the general allelic imbalance analysis.
DISCUSSION
We have established a method for generating digital karyotypes and multi-megabase haplotypes on the imbalanced regions of chromosomally unstable genomes. We demonstrate the effectiveness of this method in digital karyotyping of colorectal cancer genomes from various sources. Multiple regions of chromosome imbalance are characteristic of many cancers. Because altered chromosomes may have a large effect on gene dosage levels both in amplification and deletion, the ability to haplotype across very large regions of these chromosomes is an important element in the development of effective genetically targeted cancer treatment. We determined the haplotypes of chromosome arms up to 135 Mb (Patient 232 4q) and 146 Mb (Patient 5378 2q) as compared to, e.g. the hybrid method described by Mostovoy et al., which gives a longest scaffold of 99.96 Mb (18) .
The approach can be applied to any results from a variety of experimental haplotype methods; the data need not be of exceptional quality to give large scale haplotypes, as long as there are allelically imbalanced chromosome regions. For this study, we used a method that relies on droplet partition barcodes that are related to the number of unique molecules sequenced (15) . Any barcode, however, that denotes unique molecules or can be reliably associated with them can serve as the input to this method.
The input is a VCF file with initial haplotypes generated from the Long Ranger software. Afterward, this approach uses a combination of perl, python and R scripts to produce results and graphics. This method's utility in haplotyping e162 Nucleic Acids Research, 2017, Vol. 45, No. 19 PAGE 12 OF 13 benefits from increased copy number of large chromosomal segments. Because the signal used by the method is directly proportional to allelic imbalance, the more highly amplified one chromatid is, the more easily can mega-haplotypes be constructed. However, because barcodes are counted on both major and minor haplotypes, it is possible to detect homozygous gains and losses via barcode counts, as on Chromosome 20 of Patient 232 (Supplementary Figure S3 ). Thus this method is likely to be more convenient than karyotyping in the characterization of non-diploid genomes.
Our method allows for quick and easy karyotyping as well as haplotyping over very long stretches of cancer genomes. Therefore, we believe it will be a useful tool in the analysis of cancer genomes and those of other genetic diseases, especially in examining large chromosomal alterations and the determination of cis-and trans-relations in gene regulation.
